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Fire Tests of Concrete 
Joist Floors and Roofs 


By M. S. Abrams, A. H. Gustaferro, 
and E. A. B. Salse* 


SYNOPSIS 


Fire tests (ASTM E 119-67) were conducted on eight concrete pan-joist floor 
specimens. The 14x18-ft specimens were made with carbonate, siliceous, or expanded 
shale aggregates. Joists were approximately 5 in. wide and 10 in. deep and were 
reinforced with Grade 60 reinforcing bars. Slabs were 2% in. or 5% in. thick. Two 
specimens had overlays of other types of concrete, and one was undercoated with a 
sprayed insulating material. Data are given on unexposed surface temperature, 
deflection, expansion, thermal thrust, and steel temperature during the tests. 
Comparative data on unexposed surface temperature are also included for fire tests of 
five reinforced concrete double-tee specimens. In each case, the fire endurance was 
determined by the criteria for temperature rise of the unexposed surface. An analysis 
is included of the effects on structural capacity of restraint of thermal expansion. 
“Interaction diagram envelopes”? were calculated to determine the limiting values of 
the restraining forces that result in improved structural behavior. 


Keywords: aggregates, concrete slabs, fire resistance, fire tests, floors, pan-joist slabs, 
reinforced concrete, restraints, thermal expansion. 


INTRODUCTION 


This is the third of a planned series of 
reports of fire tests of concrete joist 
floors and roofs. One report dealt with a 
pan-joist floor with a suspended gypsum 
wallboard ceiling.)** The other report 
described tests of concrete floors with 
embedded electrical underfloor ducts.(2) 
In this report, fire tests of eight full-scale 
(14x18-ft) specimens of concrete pan- 
joist assemblies are described. In addition, 
data on unexposed surface temperature 
obtained from fire tests of five double-tee 
specimens, approximately 4x18 ft, are 
presented and compared. 

Concrete slab-and-joist (pan-joist) con- 
struction has been used for over a half 
century. Performance in fire of buildings 
with conventional cast-in-place pan-joist 
floors and roofs has been extremely good. 
The authors have found no references in 
the literature to structural failures of such 


*Principal Research Engineer, Manager, 
and Structural Engineer, respectively, Fire Re- 
search Section, Portland Cement Association, 
Skokie, Ill. 
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nate references on page 17. 


© Portland Cement Association 1971 


construction during fires. Probably be- 
cause of the excellent performance 
record, very few fire tests have been 
performed on pan-joist floors. The tests 
in this series were conducted to provide 
quantitative fire test data on such floors. 

All of the pan-joist specimens had 
joists 5 in. wide at the bottom, 10 in. 
deep, and spaced 35 in. on centers. For 
most specimens, the deck slab was 2% in. 
thick. The principal variables were type 
of concrete aggregate and the makeup of 
the deck slab. Three types of aggregates— 
carbonate, siliceous, and expanded shale 
—were used. Four specimens had un- 
treated 2%-in. deck slabs, and one had a 
5%-in. slab. The 2%-in. deck slab of 
another specimen was undercoated with 
vermiculite Type MK. Two carbonate 
aggregate concrete specimens with 2%-in. 
deck slabs had overlays of expanded shale 
aggregate concrete over half of the slab 
and perlite concrete over the other half. 


SPECIMENS 


Description 

Specimens were approximately 14x18 ft 
in plan, with the joists spanning the 18-ft 
direction, as shown in Fig. 1. Metal pans, 


30 in. wide by 10 in. deep, were used as 
forms. Joists were 5 in. wide at the 
bottom with 1:12 side draft. A transverse 
beam, 6 in. wide, was cast integrally with 
the specimen at each end to facilitate 
handling. 

Reinforcement consisted of two longi- 
tudinal bars in each joist, a #5 straight 
bar and a #4 truss bar. Side and bottom 
cover of the bars was % in. Reinforce- 
ment was purchased as A 432 billet steel 
with a minimum yield strength of 60,000 
psi. Recently the designation has been 
changed to A 615 Grade 60 steel. Welded 
wire fabric, 6x6-6/6, was used in the deck 
slab, as shown in Fig. 1. 

Deck slabs were cast integrally with 
the joists and were nominally 2% in. 
thick, except for Specimen S-50, which 
had a 5%-in. slab. Two specimens had 
overlays of lightweight concretes, and the 
slab of one specimen was undercoated 
with a sprayed insulating material. 

Data on concrete mixes are given in 
Table 1. Concrete for the pan-joist floors 
was designed to produce a compressive 
strength of 4,000 psi at 28 days; average 
strengths are given in Table 1. Aggregate 
gradations are shown in Table 2. Petro- 
graphic analyses of. the aggregates are 
given in Reference 3. Mix designations 
indicate the aggregate type, e.g., Mix S 
contained siliceous aggregates. 


Fabrication and Conditioning 
of Specimens 


Forms consisted mainly of 30-in.-wide by 
10-in.-deep metal pans, with plywood 
used elsewhere. Metal chairs were used to 
maintain cover beneath the reinforce- 
ment. Monfore-type humidity wells(4) 
were installed in the joists and slabs 
through the transverse beams, as shown in 
Fig. 1. Fig. 2 shows the forms in place 
prior to installing the reinforcement and 
casting concrete. 

Concrete was mixed in 6-cu ft batches 
in a tilting drum mixer. Internal vibrators 
were used to consolidate the concrete. 
Slab surfaces were struck off to the 
desired thickness and finished with wood 
floats. The slab surfaces of two speci- 
mens, S-51 and S-52, were roughened 
with a stiff-bristle broom and strips of 
2x2-14/14 welded wire fabric, bent into 
inverted V’s,(5) were embedded in the 
concrete to a depth of about | in., in the 
pattern shown in Fig. 3. Concrete was 
cured in the forms and under damp 
burlap at room temperature for 7 days. 
For Specimens S-51 and S-52, an overlay 
of lightweight concrete was placed on the 
fifth day after the initial casting, and a 
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TABLE 1. Concrete Mix Data 


Mix C-1 
Mix C (See Appen- Mix L Mix P 
dix A) 
——_ mails 
Item Carbonate- | Carbonate- | Siliceous- Sanded Perlite- 
aggregate® | aggregate® | aggregate? | lightweight© | aggregate 
concrete concrete concrete concrete L concrete 
a q 
Batch quantities, Ib per cu yd 
Cement (Type !) 407 481¢ 411 447 425 
Coarse aggregate 1,830 1,775 1,795 508 — 
Medium aggregate _ = = 282 = 
Fine aggregate — = _ 385 = 
Sand 1,420 1,410 1,425 961 = 
Perlite aggregate _ _ _ _ 220 
Water 239° 258° | 369° 453 
Avg. air content, percent 5.4 i 5.0 5.9 6.9 = 
Avg. fresh unit weight, pcf 144 145 144 109 41 
Avg. compressive strength 
at 28 days, psi 4,360 5,750 4,190 4,490 230 
Ibe 2 i 
4Sand and gravel from Elgin, III. 
®Sand and gravel from Eau Claire, Wis. 
© Rotary-kiln-produced expanded shale from Ottawa, III., and sand from Elgin, Ill. 


Type II. 


© Based on saturated, surface-dry aggregates. 


Based on dry lightweight aggregate and saturated, surfate-dry sand from Elgin, Ill. 


TABLE 2. Typical Grading of Aggregates 


Percent retained 


Sieve Carbonate® Siliceous® Expanded shale® 
size — age 
Sand Gravel Sand Gravel Fine Medium Coarse 
= | 

1 in. _ — — - _ - = 
3/4 in — _ — 4 - - - 
3/8 in = 58 — 51 - 2 76 
No. 4 1 95 2 94 - 58 98 
No. 8 14 99 16 97 17 90 99 
No. 16 34 99 29 98 47 96 99 
No. 30 58 99 54 98 v2 98 99 
No. 50 88 99 84 99 89 98 99 
No. 100 98 100 95 99 96 98 99 
Fineness R P ‘| 
modulus 2.93 6.49 eocaee ed 6.40 poh ail 5.40 mies 


4Sand and gravel from Elgin, III. 
®Sand and gravel from Eau Claire, Wis. 


© Rotary-kiln-produced expanded shale from Ottawa, III. 
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perlite concrete overlay on the seventh 
day. Overlays were finished with wood 
floats and cured under damp burlap until 
12 days after the initial casting. 

After curing, the specimens were re- 
moved from the forms and stored in 
approximately still air controlled at 30 to 
40 percent relative humidity and 70 to 75 
F. When the concrete in the joists had 
dried to about 75 percent RH, slab 
thicknesses were measured with a sur- 
veyor’s precision level. Then the speci- 
mens were positioned on the floor fur- 
nace and subjected to fire test. 

The underside of the slab of Specimen 
S-47 was sprayed with vermiculite Type 
MK when the specimen was 307 days old, 
at which time the slab RH was 59 
percent. The thickness of Type MK be- 
neath panels 1 and 3 (Fig. 1) was % in., 
while for panels 2 and 4 the thickness was 
1% in. 


FIRE TESTS 


Test Procedure 


Table 3 gives data on specimens and tests. 
Specimens were mounted in the PCA 
floor furnace in the manner described in 
References 1 and 6. Reference 6 also 
describes in detail the variable restraint 
system incorporated in the furnace. Spec- 
imens were supported by the transverse 
beams that rested on shelf angles on the 
east and west restraining elements of the 
floor furnace. When a specimen was 
placed in the furnace, the restraining 
elements were positioned so that the face 
plates were in a vertical position and the 
distances between the opposing plates 
were 14 and 18 ft, respectively. The 
perimetric spaces between the plates and 
the specimens were then filled with high- 
strength portland cement mortar. 

A uniformly distributed live load was 
simulated by applying loads through 16 
equally spaced hydraulic rams, as shown 
in Fig. 4. Note that each ram load was 
transmitted to the specimen through a 
steel plate, 5x7 in. in plan. The ram loads 
in the east-west direction created line 
loads parallel to but not directly over the 
joists. During the fire test of S-45, which 
had a 2%-in. slab, large cracks formed 
adjacent to and over the joists until the 
slab resembled a folded plate with crests 
over the joists. To eliminate the “line 
load” effect and to provide a more 
uniform loading pattern, a modified load- 
ing arrangement was used during the 
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other seven tests. Loads were transmitted 
to the slab from the rams through tri- 
pods, as shown in Fig. 5. 

Live loads were calculated using ulti- 
mate strength design procedures?) with 
an overall load factor of 1.83 (1.83 was 


derived from ¢M,, = 1.5Mp + 1.8M,, with 


¢=0.9 and M, =M, ),i-., 


M, =1.83(Mp +M, ) (1) 
where MM, =A,f, (d-5) (2) 
and a=A,f, /0.85f,b (3) 


in which M, = ultimate moment capacity 
Mp = dead load moment 
M,, = live load moment 


A, = area of tensile steel (2.55 
sq in. for five joists) 
f, = yield strength of the rein- 
forcing steel (60,000 psi) 
d =distance from top of struc- 
tural slab to centroid of 
steel 
fs = concrete compressive 
strength at time of test 
b =width of specimen (166.5 
in.) 
Live loads shown in Table 3 are those 
which would produce the same bending 
moment at midspan as those produced by 
the ram loads. The live loads were applied 
about an hour prior to the start of the 
test. Midspan deflections caused by the 
live load are shown in Table 3. 

During the fire tests, specimens were 
permitted to expand certain amounts (0.3 
to 1.1 in. in the 18-ft direction and 
somewhat less in the 14-ft direction), and 
then further expansion was restricted. In 
nearly all tests, most of the allowed 
expansion occurred within the first 40 
minutes of fire exposure. Temperatures 
within the furnace were measured by 15 
shielded thermocouples located in accord- 
ance with the requirements of ASTM E 
119-67.(8) Furnace atmosphere tempera- 
tures were well within the tolerances of 
ASTM E 119, as indicated by the correc- 
tions for each test given in Table 4. 

Unexposed surface temperatures were 
measured by 12 chromel-alumel thermo- 
couples placed under standard felted 
asbestos pads located as shown in Fig. 1. 
Locations of thermocouples for measure- 
ment of reinforcing steel temperatures are 
also shown in Fig. 1. The thermocouples 
attached to the underside of the bars 
were made of No. 20 gage chromel-alumel 
wire. 


E iin 


PT LMANA SR yrsr:, 


Fig. 2. Metal forms in place for pan-joist floor. 


~ 3 


g. 3. Wire tie pattern used in two-course slabs S-51 and S-52. 


Fi 


Fig. 4. Unexposed top surface of floor specimen before test. 
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Deflections of the specimens were 
measured at three locations along their 
longitudinal axes, at the geometric center, 
and at the quarter points. A precision 
surveyor’s level was sighted on graduated 
steel scales attached vertically to the 
concrete deck surface at these points. 


Observations During Tests 


General. Figs. 4, 5, and 6 show typical 
top and undersurfaces of the floors be- 
fore test. About 10 minutes after the fire 
tests were started, hairline cracks began 
to appear on the tops and bottoms of the 
specimens. Moisture emanated from the 
cracks on the top surfaces for various 
lengths of time, depending on the slab 
thickness and concrete type. However, 
many cracks became much less visible 
after the moisture had been expelled. 
Some cracks on the top and bottom 
surfaces of some specimens continued to 
enlarge during the test to widths of 1/16 
in. or greater. For photographic purposes, 
individual cracks were traced with black 
ink after the tests. The inked lines were, 
of course, wider than the cracks. Observa- 
tions relative to each test are given below. 

S-45—Siliceous-aggregate concrete, 
2%-in. slab. Fig. 4 shows the top surface 
of the specimen prior to test. As noted 
previously, the ram loads created, in 
effect, “line loads” on the slab adjacent 
to the joists. As the test progressed, the 
warped slab resembled a folded plate with 
crests over the joists and valleys along 
each line of rams. Figs. 7 and 8 show the 
unexposed top surface and exposed 
undersurface of the specimen after the 
test. The crack at the junction of the 
center joist and the slab and the longitu- 
dinal crack about 6 in. away developed 
about 25 minutes after the test began and 
widened progressively throughout the 
test. A diagonal crack which was 2 in. 
wide at the end of the test can be seen in 
one joist (Fig. 8). Some concrete at the 
bottom of the joists spalled, exposing the 
reinforcement. The test was stopped at 1 
hr 18 min because of the severe warping 
of the slab. A similar specimen, S-49, was 
cast and tested later, using the modified 
loading pattern shown in Fig. 5. 

S-46—Lightweight concrete, 2%-in. 
slab. Longitudinal and transverse cracks 
that developed on the unexposed surface 
are shown in Fig. 9. Except for a few 
diagonal hairline cracks in one of the 
joists (Fig. 10), the exposed surface was 
not noticeably affected by the fire. 


Fig. 5. Unexposed top surface before test, showing load-distributing tripods. 


TABLE 4. Corrections for Variations in Furnace Atmosphere Temperatures 
(Section 5(c) of ASTM Method E 119-67) 


Correction, C, at test time indicated, minutes 
Specimen 
No. 1 hr 2 hr 3 hr 4hr 
+ =i 
S-45 0.2 
S-46 =1.3 -1.9 
S-47 0.4 0.1 -0.2 -0.5 
S-48 -0.2 0.1 
S-49 0.1 -0.2 
S-50 Sa7, -2.9 -4.0 
S-51 -1.3 -2.3 -2.5 -2.4 
S-52 -1.0 -1.8 -2.7 -3.1 
S-67 -0.2 -0.1 
S-68 -0.1 0.1 -0.2 -0.2 
S-69 -0.1 0.1 0.2 0.2 
S-72 Usv 1.6 1.4 1.7 
S-74 1.4 2.0 PAS} 2.6 


S-47—Carbonate-aggregate concrete, 
2%-in. slab, undercoated with vermiculite 
Type MK. A few short hairline cracks 
developed over the joists on the unex- 
posed surface and on the joists. Other- 
wise, the top and bottom surfaces (Figs. 
11 and 12) appeared unchanged. None of 


the undercoating fell away during or after 
the test. 

S-48—Carbonate-aggregate concrete, 
2%-in. slab. Fig. 13 shows the cracks that 
occurred on the unexposed surface of the 
specimen. Little change occurred in con- 
dition of the exposed surface (Fig. 14). 


S-49—Siliceous-aggregate concrete, 
2%-in. slab. As previously pointed out, 
this specimen was similar in construction 
to S-45 and supported a similar load. The 
load was applied in the manner shown in 
Fig. 5. Fig. 15 shows the top of the 
specimen after the test. The crack pattern 
is fairly typical for specimens with 2%-in. 
slabs. At 1 hr 52 min, a small area of one 
joist spalled, as shown in Fig. 16. The test 
was stopped when the unexposed surface 
temperature approached 1,100 F. 

S-50—Siliceous-aggregate concrete, 
5%-in. slab. The condition of the unex- 
posed surface after the test is shown in 
Fig. 17. The cracking pattern was similar 
to that exhibited by other pan-joist floors 
with slab thicknesses of 5 in. or more.(2) 
Fig. 18 shows isolated areas on some of 
the joists which spalled at 2 hr 36 min. 

S-5 1—Carbonate-aggregate concrete, 
2%-in. slab; 2%-in. structural lightweight 
concrete overlay on south half and 2%4-in. 
perlite concrete overlay on north half. 
Cracks appeared early in the test on the 
unexposed surface over the grid of the 
embedded wire ties. Fig. 19 shows the 
top of the specimen after the test. The 
exposed surface is shown after the test in 
Fig. 20. Except for some fine cracks, 
there was little change. 

S-52—Carbonate-aggregate concrete, 
2%-in. slab; 1%-in. structural lightweight 
concrete overlay on south half and 1%-in. 
perlite overlay on north half. This speci- 
men was fire tested twice. During the first 
test, an area approximately 18 in. in 
diameter of the lightweight concrete over- 
lay spalled and the test was discontinued 
at 32 minutes. After cooling, the spalled 
area was leveled with dry sand, as indi- 
cated by the dark area in the upper right 
of Fig. 21. The condition of the unex- 
posed and exposed surfaces after the 
second test was similar to that of S-51, 
shown in Figs. 19 and 20. 


DISCUSSION OF RESULTS 


Figs. 22 through 26 show data for the 
pan-joist floors during the fire tests. 
Additional data are given in Table 3. 


Thermal Thrust and Expansion 


Data on location and magnitude of the 
thermal thrust that developed in the 
longitudinal and lateral directions are 
shown in the top two graphs of Figs. 22 
through 26. The next lower graph gives 
data on allowed expansion. Early in each 
test, the longitudinal thrust acted near 


Fig. 8. Underside of S-45 after test. 
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SX tS 
. 7. Unexposed surface of S-45 after test. 
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Fig. 13. Crack pattern in unexposed surface of S-48 which 
developed during fire test. 


Fig. 10. Hairline crack pattern on joist of S-46 which devel- 
oped during fire test. 


a sosselh x > 


Fig. 11. Unexposed surface of S-47 after test. 


Fig. 12. Exposed undercoated surface of S-47 after test. Fig. 15. Unexposed surface of S-49 after test. 
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Fig. 16. Underside of S-49 after test. 


Fig. 17. Crack pattern in unexposed surface which developed 
during fire test of S-50. 


be) 
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Fig. 21. Unexposed surface of S-52 after second fire test. Note 
Fig. 18. Underside of S-50 after test. spalled area at upper right which occurred during first test. 
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Fire Test Time, Hr. 


Fig. 22. Data from fire tests of specimens S-45 and S-46. 


the bottom of the joists. Gradually the 
line of action rose as the test progressed. 
The line of action of the lateral thrust 
was generally near the bottom of the 
structural slab throughout the tests. 
[ssen, et al.,(%) suggested an empirical 
method for estimating the maximum 
thermal thrust that occurs during fire 
tests of concrete flexural members. The 
method is based on an assumption that 


the maximum thrust for a specimen per- 
mitted to expand a certain amount is pro- 
portional to its “heated perimeter” and 
to the modulus of elasticity of the con- 
crete. Maximum thrusts measured during 
fire tests of specimens S-45 through S-50 
were compared with values estimated by 
the above method.(9) Estimated thermal 
thrusts were generally within about 15 
percent of the measured values. 


--- ¥4' Undercoating 
— 1," Undercoating _ 


Vee oP 
epee Max 


ie 


Fire Test Time, Hr. 


Fig. 23. Data from fire test of specimen S-47. 


Specimens S-51 and S-52 were fire 
tested after Reference 9 was prepared. 
For S-51 the method predicts the maxi- 
mum longitudinal and lateral thrusts to 
be 390 and 323 kips. These values are 77 
and 91 percent of the measured values. 

To estimate the thrusts for the second 
fire test of Specimen S-52, it was neces- 
sary to conduct an auxiliary test. Two 
6x12-in. cylinders of concrete similar to 
that used in the base slab of S-52 were 
tested to get initial values of E. Two 
companion cylinders were subjected to a 
standard fire exposure for 32 minutes 
(the duration of the first test of S-51), 
allowed to cool 5 days, and then weighed 
and tested. The results showed that the 
modulus of elasticity (£) had diminished 
to 44 percent by the firing and subse- 
quent cooling. Using a similarly reduced 
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Fig. 24. Data from fire tests of specimens S-48, S-49, and S-50. 
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Fig. 25. Data from fire test of specimen S-51. 


EF value, the predicted longitudinal and 
lateral thrusts were 101 and 106 percent 
of the measured values. In the calcula- 
tions for S-51 and S-52, any structural 
effects of the overlays were disregarded. 


Unexposed Surface Temperatures 


The lowermost graphs of Figs. 22 through 
26 show the average and maximum unex- 
posed surface temperatures during fire 


tests of the eight floor specimens. Fig. 27 
shows similar graphs for five double-tee 
specimens. Details of the double-tee spec- 
imens are given in Appendix A. Unex- 
posed surface temperatures of specimens 
with 2%-in.-thick slabs ranged between 
950 and 1,200 F at end of test. For speci- 
mens with thicker slabs and for Specimen 
S-47, which was undercoated, unexposed 
surface temperatures averaged about 500 
F when the tests were stopped. These 
high temperatures did not adversely af- 
fect the structural stability of the mem- 
bers during test. 

The test times at which the unexposed 
surface temperatures rose an average of 
250 F (325 F at one thermocouple for 
S-48 and S-49) are shown in Table 3. 
These unadjusted values were corrected 
for variations in furnace atmosphere tem- 
peratures, moisture condition, and drying 
procedure, as outlined in Appendix B. 
Adjusted values are also shown in Table 
3. The adjusted values are compared in 
Fig. 28 with those obtained from similar 
3x3-ft slab specimens tested on a small 
slab furnace.(3>5) In 14 of the 16 com- 
parisons, the heat transmission end points 
obtained from the tests of full-scale speci- 
mens agree reasonably well with those 
obtained from 3x3-ft slabs of similar 
concretes and thicknesses. The two com- 
parisons showing the greatest variation 
occurred in tests of two-course slabs. 
Thus, it appears that the deck slab thick- 
nesses given in References 3 and 5 are 
appropriate for pan-joist floors. 


Structural Capacity During Fire Tests 


Previous studies‘! 9,11) have shown that 
restraint of thermal expansion greatly 
influences the structural performance of 
concrete flexural members during fires. 
Those studies indicated that too much 
restraint can cause compressive failure of 
the specimen while too little restraint 
results in behavior similar to that of an 
unrestrained member. An intermediate 
degree of restraint results in improved 
behavior. 

Analyses were made of the structural 
capacity of the specimens in this series at 
various times during the fire tests. The 
analyses took into account the tempera- 
ture distribution within the specimens, 
properties of steel and concrete at high 
temperatures, amount and location of 
reinforcement, and the applied floor load- 
ing. A complete analysis of structural 
capacity during a fire would also require 
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Fig. 26. Data from fire test of specimen S-52. 


consideration of a full collapse mecha- 
nism, i.e., a sufficient number of sections 
must reach ultimate capacity before col- 
lapse occurs. 

In analyzing the structural behavior of 
the restrained specimens, two studies 
were made. One study merely indicated 
the effect of restraint on the ultimate 
moment capacity at one section during 
the fire tests. The second study was more 
general in that it defined the limiting 
values of restraint during the fire tests 
and located the critical sections. 

Study 1—Calculate M, Using Measured 
T: As an illustration of the effects of 
longitudinal restraining forces on the ulti- 
mate capacity, the section at midspan was 
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Fig. 27. Unexposed surface temperatures of double-tee speci- 


mens during fire tests. 


selected since, by inspection, it is likely 
to be one of the critical sections. Similar 
analyses could be made at other sections. 
Fig. 29 shows the forces on the midspan 
section at ultimate capacity. The thrust 
shown and its location denote measured 
values at various times during the tests 
(Figs. 22 through 26). 

By taking moments at the line of 
action of the thrust, 7: 


a 
M,,,=C{z,—A, — >) 
+S,d—z, +A, (4) 
C, =T, +S, =ab(0.85f.,9) 
S; =A.f,0 


but 


and 


Therefore M,, = T,(Z, — 4,) + A, fod 
(T, +A, hyo)? 
1.7bf..9 

in which ¢ is a subscript indicating the 

quantity at a given time during a fire test 

and 

M,, = ultimate moment capacity 

T =resultant thermal thrust 

C =resultant compressive force in 
concrete 

S  =resultant tensile force in rein- 
forcing steel 

A, = area of reinforcing steel 

z =distance from top of specimen to 
line of action of thrust at support 


(5) 
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Fig. 28. Comparison of fire endurances determined from full-scale and 
3x3-ft specimens. 


Fig. 29. Equilibrium of midspan section at ultimate capacity for meas- 
ured values of magnitude and location of thermal thrust. 


A =midspan deflection 

1 ae yield strength of reinforcing steel 

__ at a temperature 0 

f.6 = average concrete compressive 

strength at a temperature @ within 
assumed compressive zone at ulti- 
mate capacity 

a =depth of equivalent rectangular 

stress block 

b =width of specimen 

d =distance from top of specimen to 

centroid of steel 

Equation 5 shows that the ultimate 
moment capacity depends not only on 
the steel strength (as in Eq. 2), but also 
on the magnitude and position of the 
resultant thermal thrust. Fig. 30 shows 
the total moment capacities, M,,, during 
the tests calculated by Eq. 5. Also shown 
on the figures are the applied moment, 
Mp+z,>» and the moment capacity attri- 
buted to the reinforcing steel alone. It 
can be noted that after about one hour, 
the applied moment was greater than the 
moment capacity attributed to the steel. 

It is apparent from Fig. 30 that the 
ultimate moment capacities at midspan of 
the specimens were considerably greater 
than the applied moments throughout the 
tests. It is likely that most of the tests 
could have been continued much longer 
before structural failure at midspan 
would have occurred. 

Study 2—Calculate 7, for Given 
Mp,,: Although Fig. 30 illustrates the 
effects of thermal thrust forces during the 
fire tests, it does not indicate the maxi- 
mum and minimum amounts of restraint 
that will result in improved behavior, nor 
does it yield information on the location 
of other critical sections. These questions 
can be studied, in general, through the 
use of “interaction diagram envelopes” 
(IDE), as shown in Fig. 31, which con- 
sider the specimen as a whole. 

Because of the reinforcement pattern 
and applied loading, only two sections 
were found to be critical. These are 
Section | near the support and Section 2 
at midspan, shown in Fig. 31(a). 

Fig. 31(a) shows diagrammatically the 
forces acting on these two sections of the 
floor specimens that have a 2%-in. slab. 
The maximum values of the thrust, T,,, 
for various locations of its line of action 
were calculated to develop the ultimate 
capacity at each of the two sections. Fig. 
31(b) shows graphically these values prior 
to exposure to fire. Note that there is no 
lower limit, since prior to fire, the speci- 


LEGEND: 
7 TofaliM: 


reinforcement alone 
— — Design moment,M 


300 


Moment at Midspan, Kip- ft. 


Fire Test Time,Hr. 


reinforcement alone and (b) design moment. 


men can withstand the applied moment 
without restraint. 

During the fire tests, properties of the 
steel and concrete change, so the limiting 
values of thrust also change. Interaction 
diagram envelopes for the pan-joist floor 
are shown at 1, 2, and 4 hours in Fig. 
31(c), (d), and (e). Note lower limits of 
thrust in each of these figures. Note also 
that the area within the interaction dia- 
gram envelope becomes progressively 
smaller during the test. Measured values 
of the thrusts are shown for specimens 
S-45 through S-49 in Fig. 31(c), (d), and 
(ce). Two points are shown for each 
specimen; the triangles represent the loca- 
tion of the resultant thrust at the sup- 
ports, and the circles represent its loca- 
tion at midspan. The two points are 
displaced because of the specimen deflec- 
tion. It is interesting to note that all the 
points fall within the envelope curves, 
even though no attempt was made during 
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Fig. 30. Comparison of total ultimate moment capacity at midspan, with (a) ultimate moment capacity attributed to 


the tests to provide a given amount of 
restraint. Instead, the specimen was per- 
mitted to expand a given amount and 
then further expansion was restricted. 

In Fig. 31(f), the interaction diagram 
envelopes have been superimposed to 
permit comparison. A description of the 
assumptions and calculations used in con- 
structing the interaction diagram enve- 
lopes is given in Appendix C. 

The significance of the analysis using 
interaction diagram envelopes is that the 
procedure provides a method for calcula- 
ting the minimum thrust that must be 
available for a desired fire endurance. 


SUMMARY 


The fire endurance of each of the eight 
full-scale pan-joist floor specimens and 
the five double-tee specimens was deter- 
mined by the rise of the unexposed 


surface temperature, rather than by struc- 
tural considerations. 

Fire endurances of the full-scale speci- 
mens (temperature rise of unexposed 
surface) correlated well with results of 
similar 3x3-ft slab specimens. Thus it 
appears that the deck slab thicknesses 
given in References 3 and 5 should be 
appropriate for pan-joist floors. 

Specimens supported the design loads 
during the standard fire tests from 1 to 4 
hours even though the temperature of the 
reinforcing steel reached 1,300 to 1,800 
deg. F. 

A wide range of restraint of thermal 
expansion was used in various tests, with 
expansions ranging between 0.3 and 1.1 
in. in 18 ft. Resulting maximum thermal 
thrusts ranged between 780 and 110 kips 
in the longitudinal direction. The struc- 
tural integrity of the specimens can be 
explained in terms of thermal thrust 
“interaction diagram envelopes.” 
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APPENDIX A. Double-Tee Specimens 


Five double-tee specimens, designated 
S-67, S-68, S-69, S-72, and S-74 in this 
report, were fire tested in the PCA floor 
furnace. Since unexposed surface temper- 
atures were measured during the tests, a 
comparison of the data is included in the 
report. 


Description of Specimens 


Fig. A-1 shows details of the specimens. 
Note that specimens S-67 and S-68 had 
5-in.-thick deck slabs, while the nominal 
slab thickness of S-69, S-72, and S-74 was 
2% in. 

The concrete for specimens S-69, S-72, 
and S-74 was the same mixture as that 
used in the carbonate-aggregate concrete 
pan-joist specimens. It is designated as 
Mix C in Table 1. Specimens S-67 and 
S-68 were made with Mix C-1; the aggre- 
gate was the same as that used in Mix C 
but the concrete strength was higher. 
Information on the concrete mix (Mix 
C-1) is given in Table 1. 

Specimens were cast in metal forms. 
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Internal vibrators were used to consoli- 
date the concrete. The specimens were 
cured under damp burlap for 7 days, after 
which they were stored in a conditioning 
room maintained at 70 to 75 F and 30 to 
40 percent RH. When specimens S-72 and 
S-74 were 28 days old, they were placed 
in a kiln atmosphere of 180 to 200 F and 
0 to 10 percent RA for 6 days. 


Fire Tests 

Specimens were tested in the PCA floor 
furnace with the centerline of the speci- 
men coinciding with the centerline of the 
furnace. The testing procedure is de- 
scribed in Reference 9. Fig. A-1 shows 
locations of the unexposed surface ther- 
mocouples. 


Test Data 


Furnace atmosphere temperatures were 
maintained within the limits required by 
ASTM E 119. Table 4 gives the correc- 
tions for variations in furnace tempera- 
tures. 

Data on midspan deflection, allowed 
expansion, and magnitude and location of 
resultant thermal thrust are given in 
Reference 9. 

Unexposed surface temperature data 
are shown in Fig. 27. 


APPENDIX B. Correction of Fire 
Endurance for Differences in Moisture 
and Furnace Atmosphere Temperature 


This appendix describes a procedure for 
adjusting the fire endurances (determined 
by temperature rise of unexposed sur- 
face) of concrete slabs obtained when the 
moisture condition within the slab at 
time of test is different from that corre- 
sponding to a condition of 75 percent 
relative humidity at 73 F. The procedure 
is based on work described in several pub- 
lications,(3,12,13) and was used to adjust 
the fire endurance of each of the speci- 
mens tested in the series. 

This appendix includes information on 
the moisture correction and the correc- 
tion for furnace atmosphere temperature 
for each specimen. 


Correction of Fire Endurance 
for Moisture 


Notation: 
A =empirical correction constant for 
drying conditions, Table B-1 
b =correction for permeability, 
Table B-2 
FE = fire endurance of specimen 
RH = relative humidity 
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Fig. A-1. Details of double-tee specimens. 


m =moisture content, volume fraction 

m, = average moisture content in slab of 
test specimen 

m, = moisture content of cement paste 

m, = moisture content for a given RH, 


Table B-3 

m, = average moisture content of slab of 
same concrete and cement paste 
volume as test slab but conditioned 
in standard manner 

vy =volume fraction of cement paste 


Calculation of Moisture Content 


The average moisture content (m) is the 
volume fraction of moisture in the mate- 
rial that is released when the material is 
heated in an oven at 221 + 1 F and dried 


SECTION B-B 
SPECIMENS S-69, S-72,S-74 


to constant weight. The moisture content 
of the specimen can be obtained from the 
known value of the RH at middepth 
(assuming no rewetting of the concrete) 
from a calculation of the moisture con- 
tent in the cement paste as follows: 

m, = Am, 
The average moisture content of the 
specimen is: 

m,=vm, 
Also, for A = 1, its = vine (= 0-249- for 
RH = 75 percent, and drying in atmos- 
pheric conditions. 


Correction Procedure 


An empirical factor, b, for the material is 
obtained from Table B-2, and bm, and 


bm, are calculated. On the nomogram 
(Fig. B-1), lines are drawn from Point R 
to the right-hand ordinate values of bm, 
and bm, (points A and S, respectively). 
From the test fire endurance (FE) of the 
specimen, a line is drawn parallel to RA 
to intersect the curve. From this point on 
the curve, a line is drawn parallel to RS to 
obtain the adjusted fire endurance on the 
left-hand ordinate. 


Table B-4 gives information on the 
adjustment for moisture of the test fire 
endurances of the specimens. The volume 
fraction of cement paste of the specimens 
(excluding two-course slabs S-47, S-51, 
and S-52) was calculated from weights of 
cement and water, and air contents given 
in Table 1. The following assumptions 
were made to calculate the volume of 
paste in the two-course slabs: 


S-47—Gypsum paste in undercoating: 
(a) Specific gravity of 2.32 for gypsum; 
(b) 50 percent of the dry undercoating 
material was gypsum; (c) 50 percent of 
the mix water was in the paste; and (d) 5 
percent air content for the paste. A cubic 
yard of the mix contained 542 lb of dry 
undercoating material and 1,042 lb of 
water. 


S-51 and §-52—Cement paste in perlite 
concrete: (a) Perlite aggregate absorbed 
its own weight of water; and (b) Air 
content was 7.5 percent. 

Other assumptions for the composite 
slabs were: 


S-47: The relative humidity of the 
undercoating was equal to the relative 
humidity of the concrete at time of test. 


S-52: The first fire test resulted in 
drying conditions for which the correc- 
tion A = 0.5. 


S-47, S-51, and S-52: Each of the 
composite slabs was treated as a slab 
made of a single material. The relative 
humidity of this single material, the 
volume of the cement paste, and the 
values of the permeability correction fac- 
tor were determined from an average, 
weighted in proportion to layer thick- 
nesses. For example, if a composite slab 
had a 3-in. layer of one material with a 
volume fraction of cement paste of v, 
and a 1-in. layer of another material with 
a paste volume of vz, then the paste 
volume for the new single-material slab is 


= 3y, ae LS) 


4 


TABLE B-1. Drying Correction Constants 


A 
for portland cement in 
Specimen 

Conditioning RH at test, normal-weight lightweight 

environment percent concrete concrete 
60 to 80 F 
atmospheric conditions any 1.0 1.0 
120 to 160 F 
20 to 35% RH 70-75 0.7 0.7 
190 to 200 F 
0 to 5% RH 70-75 0.45 0 
120 to 200 F 
5 to 35% RH less than 70 0 (0) 


TABLE B-2. Permeability Correction 


Factors 
Material b 

Normal-weight and 

gun-applied concrete 5:5 
Structural lightweight 

concrete 8.0 
Lightweight insulating 

concrete 10.0 


TABLE B-3. Moisture Content at Given 
Relative Humidity 


of Sample 


Equilibrium RH 


at middepth, percent Me 
90 0.30 
85 0.275 
80 0.255 
75 0.24 
70 0.225 
65 0.21 
60 0.195 
55 0.185 
50 0.175 
45 0.16 
40 0.15 


Adjusted Fire Endurance 


ine) 


Fire Endurance, Hr. 


O 


Test Fire Endurance 
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Fig. B-1. Nomogram for calculating the effect of moisture on fire endurance (from 


Harmathy/1 2)), 
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TABLE B-4. Moisture Correction Data for Adjusting Fire Endurances of Specimens 


Mix Test | RH at 
Specimen No.*| No., FE, test, A, Me, i= b 
Table 1| hr:min | percent | Table B-1 | Table B-3 ve 
S-45 S 0:27 54 1 
S-46 L 0:38 51 1 
S-47(%''U) C 1:58 56 1 
S-47(1%2''U) C 3:42 56 1 
S-48 C 0:33 56 1 
S-49 S 0:27 58 1 
S-50 S 2:18 65 1 
S-51L cC,L 2:52 60 1 
S-51P CAP. 3:07 48 1 
$-52L Cre 22 20 0.5 
S-52P CrP 1:41 16 0.5 
S-67 C-1 2:13 65 1 
S-68 C-1 223 68 1 
S-69 Gc 0:33 39 1 
S-72 d (e 0:31 28 0 
S-74 Cc i) 0:28 ak 29 0 


*U = Undercoating; L = Structural lightweight concrete overlay; P = Perlite concrete overlay. 


Correction of Fire Endurance for Furnace 
Atmosphere Temperature 


Corrections for variations in furnace at- 
mosphere temperatures at various test 
times are given in Table 4. The appropri- 
ate correction was applied to the fire 
endurance, corrected for moisture, of 
each of the specimens. Adjusted values 
are given in Table B-4. 


APPENDIX C. Calculation of Interaction 
Diagram Envelopes for Axial Restraining 
Forces During Fire Tests 


An interaction diagram (ID) provides 
information on the relationship between 
axial load and its location that will cause 
a particular cross-section of the specimen 
to reach ultimate capacity (Fig. C-1). For 
each value of y, values of the thrust, T, 
on the curve will cause ultimate stress at 
the cross-section, while values of T within 
the region bounded by the curve will not 
cause ultimate stress. The ID depends on 
the cross-sectional shape, the amount and 
location of reinforcing steel, the strength 


of concrete and steel, and the moment at 
the cross-section due to floor loads. 

To study the specimen as a whole 
rather than a given cross-section, ID’s for 
various cross-sections may be superim- 
posed for comparison. The boundary 
enclosing the smallest “safe” region may 
be called an “interaction diagram enve- 
lope” (IDE). An IDE describes the behav- 
ior of the entire specimen under axial 
loads for a particular floor loading. 

Calculation of interaction diagrams at 
room temperature is common practice for 
ultimate-strength design of eccentrically 
loaded concrete columns. Calculations for 
a particular cross-section are based on (1) 
the condition of strain compatibility, (2) 
the stress-strain relationships for concrete 
and steel, and (3) satisfying the condi- 
tions of equilibrium. In this study, an 
extension of such calculations has been 
made for specimens during fire tests. 
Certain assumptions were made for the 
high temperatures of the specimens dur- 
ing fire tests: 

A. Compatibility of strains 

1. Assume linear strain distribution 


Table B-2| bmg 


Adjusted FE, hr:min 


Moisture and 
Moisture | Furnace Temp 


at room temperature and during 
fire tests. 


. Stress-strain relationships 


1. Ultimate stress block: A rectan- 
gular stress block was used for 
simplicity and was defined in the 
same manner as at room tempera- 
ture. (Nonrectangular cross-sections 
may require use of a more accurate 
stress block.) 

2. Material strengths: The reduced 
concrete and steel strengths as a 
function of temperature were con- 
sidered.1415) They are denoted 
respectively by fig and fra: at 
should be noted that the concrete 
strength varies throughout the 
cross-section in accordance with the 
temperature distribution. An aver- 
age strength estimated within the 
“stress-block” f'.g was used in the 
computations. Also, the strength of 
each reinforcing bar was computed 
for its particular temperature. 

3. Ultimate strains: Precise informa- 
tion on values of ultimate strains at 


TABLE C-1. Examples of Values Used in Interaction Diagram Envelope Calculations 
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Assumed strains Temperature, deg F Strength ratios? Calculated values 
Example | Test Section ] Tension Comp. fi Wy Ultimate 
No. time, No. Concrete steel steel Top Bottom | Concrete | Top | Bottom | Concrete thrust, Location, 
hr (Fig. 30) Eo 65 en steel> |  steel® average® | steel steel average kips in.© 
> 0.002 
| 1 0.003 0.002 70 70 70 1.0 1.0 1.0 596 0.5 
<0.003 
Wl 0 1 0.003 = 0.003 _ 70 70 — 1.0 1.0 2,798 8.4 
U1 2 0.003 0.0098 — - 70 70 — 1.0 1.0 1,257 11.9 
IV ls 2 0.003 = 0.003 _ 70 70 - | 1.0 1.0 2,858 8.0 
> 0.002 
Vv 1 0.003 0.002 400 1,200 1,200 0.91 0.39 0.8 445 0.3 
1 <0.003 
Vi | 2 0.003 0.0098 - - 1,200 500 = 0.39 1.0 1,350 a lea 
——t IF Sine 
> 0.002 
Vil f 1 0.003 0.002 700 1,450 1,450 0.86 0.16 0.6 304 —0.7 
Z <0.003 
Vill 2 0.003 0.144 = _ 1,450 800 - 0.16 1.0 103 5.8 
| | Wee 
> 0.002 
IX 1 0.003 0.002 1,150 1,700 1,550 0.46 0.09 0.22 100 —4.7 
49 <0.003 
x 2 0.003 0.144 — — 1,700 1,200 - 0.09 0.8 88 3.4 
ee ee ee eee ee le 


8Strength reduction factors were applied to room temperature strengths of fs = 4,500 psi and iy = 60,000 psi. 


Estimated values. 
Measured values. 


FE stimated average in compressive zone at ultimate capacity. 
®Location measured from bottom of section. Positive upward. 


fTemperatures based on specimens S-45, S-46, S-47, S-48, S-49. 


STemperatures based on specimen S-47 only. 


high temperatures for concrete and 
steel is not available at the present 
time. An assumption was made that 
the ultimate strain for concrete is 
the same as at room temperature, 
ie., 0.003. 

The calculations that follow were 
based on consideration of two critical 
sections, one near a support and the other 
at midspan (Fig. 31). A more detailed 
study of several sections showed that, for 
the specimens in this series, these sections 
are the critical ones. Specimen details are 
those shown in Fig. 1 with a 2%-in. deck 
slab. It was assumed in the calculations 
that the welded-wire fabric in the deck 
slab was capable of withstanding tensile 
stresses but not compressive stresses. The 
strength-temperature relationships of the 
reinforcing steel and welded-wire fabric 
were assumed to be the same. 


¥ 


‘ Locating distance, 
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ee) 
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“Interaction Diagram 
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Fig. C-1. Interaction diagrams for Sections 1 and 2 and interaction diagram envelope 
showing limits of safe thermal thrust. 
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Notation fe = 28-day cylinder strength of y = mie oe ultimate ee 
: room tempera- thrust at the cross-section 
. fo USES SOUSA 8 Ula ae sai psi) . measured from bottom 
Ss f.@ = concrete strength at temper- Mp+1, = moment due to floor loads 
D = total depth of specimen ature 0 at a given cross-section 
b = width of concrete com- fg = average concrete compres- © = total concrete force at ulti- 
pression zone sive strength within assumed mate load 
d,, = distance from bottom of compressive zone at ultimate Ss = total force on tension steel 
section to centroid of i = yield strength of steel at at ultimate load 
bottom steel room temperature (60,000 Ss = total force on compression 
dy = distance from bottom of psi) steel at ultimate load 
section to centroid of fyg  =yield strength of steel at C, = total concrete force acting 
flange temperature 0 in the flange area 
dj = distance from bottom of fy = steel stress G = total concrete force acting 
section to centroid of joist c = distance from extreme con- in the joist area 
A s = area of Vecchi tension . crete compression fiber to Exaninienict Caleulations 
A, = area of steel in compression neutral axis ieee : 
A,  =area of flange a = depth of ultimate rectangu- Table C-1 vo er i the va ise 4 
” Fioists lar stress block in the calculation of the interac ion | 
Makes kr factor eating ands ne ee eeaint om the 
B. Stresses and strains defined in aa 1503(g) of ID cutve foretpartiedldcsection\aat aime 
“@ = concrete strain of extreme peu The following calculations are presented 
compression fiber only to illustrate the computation pro- 
Gs = strain of tension steel C. Forces and moments cedure. Preparation of the IDE’s required 
é = strain of compression steel T,, = ultimate thermal thrust many additional calculations. 


EXAMPLE I 

Section | at 0 hours: 

Assumed Strains: 
€, = 0.003; €,=0.002; 0.002 <e, <0.003 
(See Fig. C-2) 


i. Locate neutral axis by proportional triangles: 


wire%c _ 0.003 = 
c= é, +6, d= 005 11.5 = 6.9 in. 
ii. Calculate depth of stress block: 
i kic 


From Sec. 1503(g) of ACI 318-63, for f, = 4,500 psi 
k, =0.825 
a = 0.825c = 0.825 X 6.9 = 5.7 in. 
iii. Calculate forces C, S, and S’: 
C = ab(0.85) fg = 5.7 X 27.5 X 0.85 X 4.5 = 599 kips 


To calculate S, the assumed steel strain must be con- 


sidered. The following assumption was made about the 


stress-strain relationship of the reinforcing steel in ten- 


sion Or compression. 


(S 
Ss * 
ip = 0.00240 for €7 <4 0.002, oF 


f,= v0 for €, > + 0.002 


Therefore, since €, = 0.002, f, = fo = 60 ksi 

S=A,f,g = 1.6 X 60 = 96.0 kips 

To calculate S’, since €, = 0.002 

f, =fy@ = 60 ksi 

Sy =A‘S,0 = 1.55 X 60 = 93.0 kips 

It should be noted that the top steel in tension is pro- 
vided by two layers of welded-wire fabric. Its strength at 
room temperature is higher than 60 ksi. Since the top 
steel was not intended to carry any primary forces, and 


owing to possible placement inaccuracies, the use of a 
lower stress-is felt to be reasonable in this case. 


. Equilibrium of axial forces yields: 


T, =C+S'—S=599 + 93 — 96 = 596 kips 


. Equilibrium of moments about bottom of the section 


yields: 
a ’ 
C5 + Sd,,—Sd—Mp,, 
va Ty 
Si 
599 X= + 93 X LO Se9 Ov xXelll5i = 3 le ele: 
_ 596 
= 0.5 in. 


Es 
| 
SECTION () 
d 
; a S 
S 1 4ps $2 1 
A €, = 0.003 


GROSS SECTION EQUILIBRIUM STRAIN DISTRIBUTION 


Fig. C-2. Section 1 equilibrium diagram and critical strain dis- 
tribution with compression at bottom and tension at top. 


EXAMPLE II 
Section 1 at 0 hours: 
Assumed Strains: €, = 0.003; €, = 0.003 
(See Fig. C-3) 


. Neutral axis: removed to infinity 


_. 


Stress block: covers entire section 


=: 


ll. 
Concrete and steel forces: 
C = Ar fog = 166.5 X 2.5 X 0.85 X 4.5 = 1,590 kips 
G =A) fog = 29.2 X 10 X 0.85 X 4.5 = 1,115 kips 
Since €, = 0.002, f, =f,@ 
S =1 559% 160 —193 kips 
iv. 2F=0 
De Ct Gas = 13590 1015 1293'= 25798 Kips 
v. XM = 0 (moments about bottom of section) 
Es Cd +Gd EZ Mey 
u 

meee 0Ue Tl 25: 1115 X Sez 95 X10 31 Xx 12 

ae 2,798 


iss 


iii. 


= 8.4 in. 


€. As 0.003 


CROSS-SECTION EQUILIBRIUM 


STRAIN DISTRIBUTION 


Fig. C-3. Section 1 or 2 equilibrium diagram and critical strain 
distribution with compression on entire section. 
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EXAMPLE III 

Section 2 at 0 hours: 

Assumed Strains: €. = 0.003; €, = 0.0098 

(See Fig. C-4) 

i. Neutral axis: 

ae Eo ae 0.003 
eRe 0.0128 


c 11.5 = 2.7 in. 


ii. Stress block: 
a=k,c=0.825 X 2.7 = 2.22 in. (flange depth 
= 2:5 in.) 
. Concrete and steel forces: 
C = ab (0.85)f,g = 2.22 X 166.5 X 0.85 X 4.5 
= 1,410 kips 
since €, = 0.002, 7, = i 


S Sei = 2.55 X 60 = 153 kips 


iV a0) 
T,, = C—S = 1,410 — 153 = 1,257 kips 


=: 


i 


v. XM = 0 (moments about bottom of section) 
a 
C(D-5) —S dy, —Mp az 
Va ie 
_ 1,410(12.5. 1.11) = 153 0) = 79 X12 
Z 1,257 


= 11.9 in. 


€, = 0.003 


Es 


CROSS - SECTION EQUILIBRIUM 


STRAIN DISTRIBUTION 


Fig. C-4. Section 2 equilibrium diagram and critical strain dis- 
tribution with compression at top and tension at bottom. 
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EXAMPLE IV 
Section 2 at 0 hours: 


Assumed Strains: €, = 0.003; €, = 0.003 


(See Fig. C-3) 
i. Neutral axis: removed to infinity 


ii. Stress block: covers entire section 


— 
= 


. Concrete and steel forces: 
CG = A, fig = 166.5 X 2.5 X 0.85 X 4.5 = 1,590 kips 
G =A; fo = 29.2 X 10 X 0.85 X 4.5 = 1,115 kips 
Since e€. = 0.003, f, = hyo 
Ss Aso Ay — 2° X 60 = 153 kips 


es 


ii 


iv. 2F=0 
Fae CCS) 590 4 115 + 153 2,858 


v. XM = 0 (moments about bottom of section) 
U 


y T 
Meeso0 11s 1115 X 5.24153 % 10 —79 xD 
ee 2,858 
= fs Oabas 
EXAMPLE V 


Section 1 at 1 hour: 
Assumed Strains: 


€, = 0.003; €,= 0.002; 0.002 <e, <0.003 
(See Fig. C-2) 
i. Neutral axis: 

ae 0.003 

0.005 
ii. Stress block: 
Assume that fg = 4.0 ksi. Then k, = 0.85 and 
a=k,c=0.85 X 6.9=5.9 in. 


Concrete and steel forces: 


X 11.5 = 6.9 in. 


iii. 


= 


As shown in Table C-1, the average concrete strength in 
the compressive zone was estimated as 80 percent of the 
original strength, so 


C=5.9X 27.5 X 0.85 X 0.8 X 4.5 = 496 kips 


Considering strains as before and with the strength ratios 
shown in Table C-1, 


S = 1.6 X 0.91 X 60 = 87 kips 
S' = 1.55 X 0.39 X 60 = 36 kips 
iv. 2F=0 
T,, = 496 + 36 — 87 = 445 kips 
v. 2M = 0 (moments about bottom of section) 


mt06 X 2.95.436X 1.0—87 X 11.5—31 X 12 
Zi, 445 


= 0.3 in. 


EXAMPLE VI 
Section 2 at 1 hour: 


Assumed Strains: €, = 0.003; €, = 0.0098 
(See Fig. C-4) 
i. Neutral axis and stress block (k, = 0.825): 


C=.) in. 


a= 2.22 in. 
ii. Concrete and steel forces: See Table C-1 for strength 
ratios. 
C =ab(0.85)f,,9 = 2.22 X 166.5 X 0.85 X 1.0 X 4.5 
= 1,410 kips 


S=Asfyg = 2.55 X 0.39 X 60 = 60 kips 
ii. 0F =0 
T,, = 1,410 — 60 = 1,350 kips 


iv. XM = 0 (moments about bottom of section) 
= LAl0d2 5 1:1)) — 60(1.0) — 79 X 12 
iia 1,350 
=dhilsll wi, 


EXAMPLE VII 
Section 1 at 2 hours: 
Assumed Strains: 
€, = 0.003; €,=0.002; 0.002 <e, < 0.003 


(See Fig. C-2) 
. Neutral axis and stress block (kK, = 0.85): 
c= 6.9 in. 


= 


a=5.9 in. 
. Concrete and steel forces: 
C=5.9 X 27.5 X 0.85 X 0.6 X 4.5 = 372 kips 
S = 1.6 X 0.86 X 60 = 83 kips 
S’= 1.55 X 0.16 X 60 = 15 kips 
iii. DF =0 
T, = 372 + 15 — 83 = 304 kips 
iv. 2M = 0 (moments about bottom of section) 


5 372-% 2.95 15% 1.0283 Ol Sao 
-7 304 


jes 


i 


= —0.7 in. 


EXAMPLE VIII 
Section 2 at 2 hours: 
Assumed Strains: €, = 0.003; €, = 0.144 
(See Fig. C-4) 
i. Neutral axis and stress block (k, = 0.85): 
_ 0.003 — . 
c= 0.147 X 11.5 = 0.234 in. 


a=0.85 X 0.234 = 0.2 in. 


ii. Concrete and steel forces: 
C=0.2 X 166.5 X 0.85 X 1.0 X 4.5 = 127 kips Section 2 at 4 hours: 
S = 2.55 X 0.16 X 60 = 24 kips 


iii. 2F = 0 


T,, = 127 — 24 = 103 kips 


iv. 2M = 0 (moments about bottom of section) 


127(12.4) — 24(1.0) — 79 X 12 a= 0.2 in. 
= routs 


ve 


EXAMPLE IX 


Section 1 at 4 hours: 


Assumed Strains: 


€, = 0.003; €,=0.002; 0.002 <«,<0.003 88 


(See Fig. C-2) 


a 


c = 6.9 in. 


a >.9 in: 


fae 


i 


. Neutral axis and stress block (Kk; = 0.85): 


. Concrete and steel forces: 
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EXAMPLE X 


Assumed Strains: €, = 0.003; ¢, =0.144 


(See Fig. C-4) 
i. Neutral axis and stress block: 
C—0284inr 


ii. Concrete and steel forces: 


C= 0.2 X 166.5 X 0.85 X 0.8 X 4.5 = 102 kips 


S = 2.55 X 0.09 X 60 = 14 kips 
iii. DF = 0 
T,, = 102 — 14 = 88 kips 
iv. 2M = 0 (moments about bottom of section) 
pe 102025 =0:1)= 141.0 19a) 


C= 5.9% 27.5 X10:85 X 0:22 4.5 = 136 kips 
S =1.6 X 0.46 X 60 = 44 kips 
S' = 1.55 X 0.09 X 60 = 8 kips 


iii. 2F = 0 


T,, = 136 + 8— 44= 100 kips 
iv. 2M = 0 (moments about bottom of section) 
ne ISOX0299 1-86 1.044% 11S 31K 12 


———40/ in. 
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KEYWORDS: aggregates, concrete slabs, fire resistance, fire tests, floors, pan 
joist slabs, reinforced concrete, restraints, thermal expansion. 


ABSTRACT: Fire tests (ASTM E 119-67) are reported on eight 14x18-ft 
concrete pan-joist floor specimens made with carbonate, siliceous, or ex- 
panded shale aggregates. Data are given on unexposed surface temperature, 
deflection, expansion, thermal thrust, and steel temperature during the tests, 
together with comparative test data on unexposed surface temperature for 
fire tests of five reinforced concrete double-tee specimens. An analysis is 
included of the effects on structural capacity of restraint of thermal expan- 
sion. “Interaction Diagram Envelopes” were calculated to determine the lim- 
iting values of the restraining forces that result in improved structural behav- 
ior. 
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